In this paper we investigate (using AM1 semi-empirical as well as HF methods at the STO-3G, 3-21G, 6-31G, 6-31G* and 6-31+G** level) the conformations, geometrical parameters, Mulliken charges, and solvation effects of the triphosphate form of AZT (AZTTP), as well as the thymidine nucleotide (dTTP) structure. Our calculated geometrical parameters and Mulliken charges, with and without solvation effects, are correlated with recent experimental results.
Introduction
The nucleoside derivatives are the most active drugs against the HIV virus. Among them, an important compound, which the Food and Drug Administration (FDA) has approved, is 3'-azido-2',3'-dideoxythymidine (AZT). It inhibits the Reverse Transcriptase after phosphorylation to the triphosphate form. Several nucleoside derivatives have been synthesized to improve therapeutic treatment against AIDS. New drugs are being proposed. However, the mechanisms for more effective drugs still require more investigation.
The conformation analysis of several anti-HIV nucleoside analogues shows that the preferred sugar-ring orientation is based on C3'-exo conformations Van Roey et al., 1990) (Fig. 1) . Some inactive compounds that have C3'-endo conformations ( Fig. 1) were studied by Roey . The C3'-exo and C3'-endo conformations place C5' in the axial and equatorial positions, respectively. This affects the location of the 5'-hydroxyl group in relation to the base conformation. The 5'-hydroxyl group is the phosphorylation site of the nucleoside. Fisher et al. (1994) proposed 144 potentially bioactive conformations of AZT. They verified that the O2, O4' and O5' atoms are a potential pharmacophore for thymidine nucleoside analog inhibitors that are targeted at RT. The inclusion of triphosphate in the nucleoside results in modification of the geometry. As most of the analogues of nucleosides are variants of natural RT substrates that lack the 5'-hydroxyl group, their recognition by RT and subsequent incorporation into a growing DNA chain results in chain termination. As shown by several authors, chain terminators are potent inhibitors of viral replication, not because they compete very efficiently with their natural deoxynucleosides, but because of the high number of potential sites of chain termination in the viral genome (Van Roey et al., 1992) . The observation of the conformational preference in the active compounds after phosphorylation may be important for the development of new nucleosides, because this structure is the last step before the RT complexation (Balzarini et al., 1986; McGuigan et al., 1993; Marquez et al., 1998) .
After an in vitro analysis, Villahermosa et al. (1997) proposed that AZTTP significantly inhibited nucleotide incorporation at concentrations that are 2-3 orders of magnitude lower than the dTTP concentration. It has been demonstrated that the affinity of RT toward AZTTP and dTTP was nearly the same, and that dTTP was as efficient a substrate as AZTTP for the enzyme (Villahermosa et al., 1997) . Despite efforts for the crystallization of the AZTTP-RT complex with higher resolution, the real conformation of AZT remains obscure. In 1993, Painter et al. (1993) investigated the conformations of the 5'-triphosphates of zidovudine (AZT) and thymidine (dT) via Nuclear Overhauser experiments in order to determine the conformations of AZTTP and dTTP when bound to the HIV-1 Reverse Transcriptase. Subsequent studies (Painter et al., 2000) used the Nuclear Overhauser effect to characterize the protein environment and *To whom correspondence should be addressed. Tel: 55-21-3882-9364; Fax: 55-21-2594-6147 E-mail: marissawa@bio.fiocruz.br conformations of dTTP, dATP and AZTTP that are bound to HIV-RT in the ground state. These indicated that the binding sites for the nucleotides are not a complete coincident, and all of the bounded nucleotides assumed the same anti C4'-exo conformation.
There has been considerable interest to compare the natural nucleoside and their analogues, in order to search for similar characteristics that could probably explain the complexation of AZT into RT. One possible major contribution is the rotational angle χ (C1'-N1), illustrated in Fig. 1 . It is often used in the stereochemical analysis of the nucleoside derivatives. proposed a dihedral angle that is related to the position of the OH group of the sugar ring γ (C4'-C5'). Anil Kumar and Mishra (1992) studied several molecules that exhibited varying degrees of anti-HIV activity. These include AZT conformers without triphosphorylation using the MNDO method. They indicated that the electric field region that is localized around C5, and an extended electric field region near C3' (around azido group), may be related to the anti-HIV activity of the AZT.
According to Marquez et al. (1998) , the viral DNA incorporation of the nucleoside analogue should occur by substitution of the C3'-hydroxyl by the pyrophosphate group. The NMR study indicated that AZT 5'-triphosphate and thymidine-5'-triphosphate bind to RT with χ in the anti range and γ as the +sc rotamer (Painter et al., 1993) . Water pervades every portion of every cell and several interactions in biological macromolecules have a very significant influence on the three-dimensional structures of proteins, nucleic acids, polysaccharides and membrane lipids (Mulliken, 1955) . This suggests the need to include solvation effects in our calculations
In this paper, we investigate the conformations, geometrical parameters, Mulliken charges (Mulliken, 1955) and solvation effects of the triphosphate form of AZT (AZTTP), as well as the thymidine nucleotide (dTTP) structure. For this investigation we use the AM1 semi-empirical method, as well as HF methods at the STO-3G, 3-21G, 6-31G, 6-31G* and 6-31+G** level. Our calculated geometrical parameters and Mulliken charges, with and without solvation effects, were correlated with recent experimental results.
Methodology
In this work, we used Gaussian 98(1998) on IBM RS6000 workstations for the semi-empirical (AM1) and ab initio calculations (STO-3G, 3-21G, 6-31G, 6-31G* and 6-31+G**) for both the gas and solvent phases of AZTTP and dTTP. The Onsager model (Wong et al., 1991) was used to include the effects of the water solvent. We present relatively low-level calculations on several very large (from the computational perspective) molecules of substantial biomedical interest (AZTTP and TTP). These are very large molecules, however, on which to do calculations. Computational chemists expect to see methods that include electron correlation. In the present case, however, the number of basis functions that are needed to describe these molecules (about 500) is our justification for the technique choice that is used in this paper. Our calculations, using the Onsager model, were done with the gas phase optimization with solvent effects that were calculated afterwards.
Results and Discussion
We made a full optimization of the 3'-azido-3'-deoxythymidine 5'-triphosphate (AZTTP) ( Fig. 1A and 1B) using semi-empirical (AM1) as well as HF ab initio calculations with basis STO-3G and 3-21G sets in order to determine optimized geometries, Mulliken charges, and dipole moments, which could be compared with the experimental results. We investigated two conformations (A and B) for both dTTP and AZTTP (Tables 1-11). Table 1 gives the geometrical parameters that were obtained for AZTTP. Experimental values were given for comparison.
Recent Nuclear Overhauser effect experiments were used to characterize the protein environment and conformation of AZTTP that bound to HIV-RT in the ground state (Painter et al., 1993; Painter et al., 2000) . They indicated that the ligands that are exclusively anti in the presence of protein are limited to χ values between −95 o to −155 o . The γ torsion was fixed +synclinal (+sc) in accordance with other experimental data (Wong et al., 1991) . The glycosyl torsion angle c is noted. It determines the syn or anti disposition of the base relative to the sugar moiety (syn) when the C2 carbonyl of pyrimidines or N3 of purines lies over the sugar ring, and anti when these atoms are oriented in the opposite direction. The torsion angle γ determines the orientation of the 5'-OH with respect to C3', as represented by the three main rotamers, namely +sc, ap, -sc.
Our calculations in Table 1 that used full-optimized values with the basis sets (AM1, STO-3G, 3-21G) also gave yields for χ the anti orientation, which agreed with the recent Nuclear Overhauser experimental results Dewar, 1992; Painter et al., 1993; Koch and Popelier, 1995; Painter et al., 2000; Fidanza et al., 2001) . Our χ values were also between the expected experimental (Painter et al., 1993; Painter et al., 2000) Table 2 gives the full-optimized geometries for 2'-deoxythymidine triphosphate (dTTP- Fig. 2 ) at the HF (AM1, STO-3G, 3-21G). Experimental (Painter et al., 1993; Painter et al., 2000) values are given for comparison.
Our calculations in Table 2 for dTTP using full-optimized values with the basis sets (AM1, STO-3G, 3-21G) also yields χ (Fig. 1A) , the anti orientation that agrees with the recent experimental (Painter et al., 1993; Painter et al., 2000) respectively) are also between the expected experimental values.
Our calculated value for dTTP, using the HF/3-21G level, (b) Conformer A determine using input geometry from the literature (ref. 24) (c) Conformer B using input geometry with modified torsion angles γ,φ,ε and τ.
yields the important anti-HIV structural parameter γ (47.35 o ), which is close to the x-ray experimental result (Huang et al.,1998) (Fig. 1A) . We note that these parameters are sensitive to the dTTP conformation.
The reasonable agreement between our calculated geometrical parameters and experimental results (x-ray and NMR) may be useful to other workers. It is well known that experimental results may be affected by the use of solvents or the interaction with crystalline lattices.
The azidothymidine triphosphate (AZTTP) is a nucleotide analogue of 3'-deoxythymidine triphosphate (dTTP), whereas the geometrical parameters of the pyrimidinic and furanose rings of both complexes should in principle be retained. We note that in AZTTP (Fig. 2) , selected bond lengths [N21-C29 (1.384 Å), C22 = O23 (1.215 Å), C29 = C27 (1.326 Å), N24-H45 (1.001 Å), C29-H46 (1.066 Å), C15-C17 (1.527 Å)] agree excellently with the geometrical parameters of dTTP ( We also calculated, using different basis sets (AM1, STO-3G, 3-21G, 6-31G, 6-31G* and 6-31+G**), the effects of solvent (water) on AZTTP and dTTP (Table 7 and 8). We observed that the solvent effects modify dipole moments and stabilize the total energy of both AZTTP and dTTP. A more detailed analysis should include the interaction of these molecules with the enzyme.
It may be useful to other authors and for future research to use our present experience in order to give some indication of the relative computational speed and best judgement on basis sets, level of calculation, as well as molecule sizes. Without generalizing, we suggest that molecule sizes that were investigated in our present work (the relatively fast and computationally inexpensive AM1) yielded reasonable qualitative results. However, when very close agreement is required for the experiment, and other effects (such as hydrogen bonding) must be accurately accounted for, then for future work we recommend the 6-31+G** basis set, using either the B3LYP or MP2 methods. If the molecules are very large (for example, when we must also consider the interaction between the drug and the receptor to better understand the mechanism of anti-HIV activity, discussed below), then we must again consider faster and cheaper computational methods, such as AM1 or even PM3. In Table 9 , 10 and 11 we give selected Mulliken charges using the conformers A and B of AZTTP and dTTP, and using HF at the 3-21G, 6-31+G** level with and without the effects of solvents. We note that with solvation and changes in conformations we may obtain larger modifications of the Mulliken charges, particularly for the non-bridging oxygen atoms of the triphosphate chain, as well as for N17 of the azido terminal group. Huang et al. (1998) prepared a HIV-1 RT complex with a DNA template:primer and a deoxynucleoside triphosphate (dNTP), and the crystal structure of the complex was determined. The presence of a dideoxynucleotide at the 3'-primer terminus allowed the capture of a state in which the substrates are poised for attack on the dNTP. Conformational changes that accompany the formation of the catalytic complex produce distinct clusters of the residues that are altered in viruses that are resistant to nucleoside analog drugs. The positioning of these residues in the dNTP neighborhood helps to resolve some long-standing puzzles about the molecular basis of resistance. The resistance mutations are likely to influence binding or reactivity of the inhibitors relative to normal dNTPs; the clustering of the mutations correlates with the chemical structure of the drug. The crystal of this catalytic complex contains bound dTTP in precisely the expected position for attack by the (missing) 3' OH. The base of the dTTP stacks on the terminus of the primer strand, almost as in a continuous DNA strand; the side chains of Arg 72 and Gln 151 pack against its outer surface. The triphosphate moiety is coordinated by Lys Huang et al. (1998) agrees with our present calculations. Three non-bridging oxygens, which should participate in the octahedral coordination with Mg, have large negative charges in the gas phase that is further increased in the presence of the solvent. Conformation changes suggest that these negative oxygens ions can effectively interact with the strongly positive two Mg ions.
Because most of the nucleoside analog drugs have modifications at the 3'-position, this "3'-pocket" is of particular significance for understanding structure-activity relations and analyzing resistance mutations. The pocket can probably accommodate two or three water molecules in addition to the 3'-OH; it clearly has room for the azido group of AZTTP. We note, however, that there is still a need for models to elucidate clearly the mechanisms for resistant mutations of HIV-1. Our calculations indicate that the terminal nitrogen charge of the azido chain at 3' (N18- Fig. 2 ) may be modified in the presence of solvents. This effect is interesting since it is well known that nitrogen atoms with appropriate charges may participate in Hydrogen bonding. There is, therefore, the possibility that the azido group may not be able to always function as a terminal group, leading to one of the possible mechanisms for resistance mutations.
